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Regeneron Pharmaceuticals, Inc., Tarrytown, NY 10591 Contributed by George D. Yancopoulos, February 11, 2014 (sent for review August 26, 2013) Mice genetically engineered to be humanized for their Ig genes allow for human antibody responses within a mouse background (HumAb mice), providing a valuable platform for the generation of fully human therapeutic antibodies. Unfortunately, existing HumAb mice do not have fully functional immune systems, perhaps because of the manner in which their genetic humanization was carried out. Heretofore, HumAb mice have been generated by disrupting the endogenous mouse Ig genes and simultaneously introducing human Ig transgenes at a different and random location; KO-plus-transgenic humanization. As we describe in the companion paper, we attempted to make mice that more efficiently use human variable region segments in their humoral responses by precisely replacing 6 Mb of mouse Ig heavy and kappa light variable region germ-line gene segments with their human counterparts while leaving the mouse constant regions intact, using a unique in situ humanization approach. We reasoned the introduced human variable region gene segments would function indistinguishably in their new genetic location, whereas the retained mouse constant regions would allow for optimal interactions and selection of the resulting antibodies within the mouse environment. We show that these mice, termed VelocImmune mice because they were generated using VelociGene technology, efficiently produce human:mouse hybrid antibodies (that are rapidly convertible to fully human antibodies) and have fully functional humoral immune systems indistinguishable from those of WT mice. The efficiency of the VelocImmune approach is confirmed by the rapid progression of 10 different fully human antibodies into human clinical trials.
antibody generation | immunoglobulin loci M onoclonal antibodies (mAbs) are a rapidly growing class of therapeutics that combine high binding affinities and specificities with long in vivo half-lives. A large number of mAbs have been approved for therapeutic use or are in development (1) (2) (3) (4) (5) (6) . Early therapeutic mAbs were derived from mouse sources, retained mouse sequences, and were thus immunogenic when used in human patients, limiting the ability to dose repeatedly. The use of humanized and/or fully human antibodies avoided immunogenicity problems and allowed long-term treatment of chronic diseases. Thus, a variety of systems were developed to create humanized or fully human therapeutic antibodies (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) . One popular approach involves the in vitro isolation of antigenspecific antibodies using display strategies involving human antibody fragments expressed on the surface of phage, bacteria, or yeast (12) . Although these synthetic approaches can be quite powerful and can rapidly generate leads, they potentially result in increased immunogenicity in vivo, and the initial displayderived antibody fragments can subsequently require extensive post hoc protein reengineering efforts when reformatted into conventional antibody formats to overcome issues such as insolubility, aggregation, and proteolysis (1, 12, 19) . Natural selection of antibodies in vivo within mammalian systems tends to optimize desirable biochemical and pharmacokinetic properties, avoiding the need for extensive post hoc reengineering. Thus, as first proposed based on the finding that human Ig genes efficiently rearrange when introduced into mouse pre-B cells (20) , another popular approach for generating human therapeutic mAbs was developed using transgenic mice genetically engineered to produce fully human antibodies (15) (16) (17) (18) . These socalled HumAb mice were engineered using a "KO-plus-transgenic" strategy in which the endogenous murine Ig genes were disrupted to eliminate the endogenous mouse immune response, whereas transgenic introduction of human Ig loci at different random genetic loci drove production of fully human antibodies.
Although HumAb mice generated using this KO-plus-transgenic approach represented a transforming advance in the field, they suffered, however, from partial immune deficiencies compared with WT mice, limiting their ability to produce robust Ab responses to some antigens (21) (22) (23) . The immune deficiencies of these first-generation HumAb mice may be due to the manner in which they were genetically engineered. First, the genomic context of the randomly inserted human transgenes may contribute to their inefficient functionality, as they may lack extended locus control regions such as the 3′ enhancers (24) and regulatory region (25) of the Ig heavy (IgH) locus, which have been shown to play critical roles in Ig expression and class switching or even alter the 3D location of the Ig genes within B-cell nuclei (26, 27) and thus perturb function in unanticipated
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ways. In addition, the immune deficiencies of the first-generation HumAb mice may be partly explained by their use of human constant regions. Immunoglobulins interact with other components of the B-cell receptor (BCR) signaling complex via their constant regions, and such interactions are required for appropriate signaling required for antigen-independent B-cell development in bone marrow, as well as antigen-dependent natural selection processes in the periphery (28) (29) (30) (31) (32) (33) (34) (35) (36) . Others previously noted that interactions between constant regions and BCR coreceptors do not operate efficiently across species (29) . Thus, we reasoned that the immune deficiencies in first-generation HumAb mice may in part be due to inefficient interspecies protein-protein interactions between human constant regions and the mouse coreceptors. Finally, the secreted human immunoglobulins produced in the HumAb mice may also interact inefficiently with various mouse Fc receptors, further adversely affecting the humoral immune response (37, 38) .
As described in the companion article (39), we attempted to exploit the advantages and overcome the limitations of the firstgeneration HumAb approaches by precisely replacing the entire mouse germ-line variable region gene repertoire with the equivalent human germ-line variable sequences in situ, while maintaining all mouse constant regions and all known gene expression control elements within the natural mouse genomic location. We reasoned that the introduced human Ig variable gene segments would rearrange normally, be linked to mouse constant regions, and furthermore be expressed from the endogenous mouse Ig loci at physiologically appropriate levels. Because these "reverse chimeric" antibody molecules would bear human antigen-binding variable domains fused to mouse constant domains, we presumed they would interact in a species appropriate way with mouse BCR coreceptors and mouse Fc receptors, resulting in a fully functional immune system. We refer to these humanized Ig variable domain mice as VelocImmune mice because they were generated using VelociGene technology (40) .
In this paper, we show that VelocImmune mice have a humoral immune system indistinguishable from that of WT mice, with normal cell populations at all stages of B-cell development and normal lymphoid organ structures. Sequences of antibodies derived from the humanized Ig loci exhibit normal variable segment rearrangement, somatic hypermutation, and class switching. Immunizations of VelocImmune mice generate robust humoral responses from which a large diversity of monoclonal antibodies can be isolated. Thus, VelocImmune mice are a unique platform for the efficient production of fully human antibodies, several of which have already entered clinical development.
Results

Humanization of the Mouse Germ-Line Ig Heavy Chain and Kappa
Light Chain Variable Regions. As described in the companion paper (39), the human IgH and kappa light chain (IgK) variable sequences were introduced via stepwise insertion of 13 large compound bacterial artificial chromosome (BAC) targeting vectors (LC-BACvecs) bearing overlapping fragments of the human germ-line variable loci into mouse ES cells. At several points, ES cells bearing a portion of the human IgH or IgK variable repertoire were microinjected and the resulting mice bred to create multiple versions of VelocImmune mice with progressively larger fractions of the human germ-line Ig repertoires ( Fig. 1) . Because the genomic regions encoding the mouse VH, DH, and JH segments, and VK and JK segments, have been completely replaced, VelocImmune mice generate only antibodies with human variable regions linked to mouse constant regions. The mouse Ig lambda loci remain intact in all versions of the VelocImmune mice described here and serve as a comparator for efficiency of expression of the various VelocImmune kappa loci (see below).
Mature B-Cell Populations. We first evaluated the mature B-cell populations in the three different double homozygous versions ( Fig. 1C) of VelocImmune mice. Lymphocytes isolated from spleen or lymph node of homozygous VelocImmune mice were stained for surface expression of the markers B220 and IgM and analyzed using flow cytometry ( Fig. 2 A and B) . The sizes of the B220 + IgM + mature B-cell populations in all versions of VelocImmune mice were virtually identical to those of WT mice, regardless of the number of VH segments they possess. In addition, mice containing homozygous hybrid humanized IgH loci, even those with only three Vh segments, but normal mouse IgK loci or mice containing homozygous hybrid humanized IgK loci with normal mouse IgH loci also had normal numbers of B220 + IgM + cells in their peripheral compartments. The mice with only three human Vh segments did show a defect in pro-B to pre-B transition in the bone marrow, but no such deficit was detected in VelocImmune 1 and subsequent strains containing 18 or more human Vh gene segments. Taken together, these results indicate that chimeric loci with human variable segments and mouse constant regions can fully populate the mature B-cell compartment. These data also suggest that the number of variable segments at either the IgH or IgK loci, and thus the theoretical diversity of the antibody repertoire, does not correlate with the ability to generate WT populations of mature B cells. In contrast, mice with randomly integrated fully human Ig transgenes and inactivated mouse Ig loci had reduced numbers of B cells in these compartments, with the severity of the deficit depending on the number of V regions included in the transgene (41) . This finding was the first indication that the "in situ genetic humanization" strategy used for generating VelocImmune mice seemed to result in a fundamentally different functional outcome than previous KO-plus-transgenic approaches. (Fig. 2D) , either the humanized IgMa allele or the WT IgMb allele. Therefore, the mechanisms involved in allelic exclusion are intact in VelocImmune mice. In addition, the fraction of B cells positive for IgMa expressed from the humanized IgH allele is roughly proportional to the number of VH segments inserted. The humanized Ig locus is expressed in ∼30% of the B cells in V1 (VelocImmune 1: 18 human VH segments, 16 human Vk segments) heterozygotes and 50% of the B cells in V2 (39 human VH, 30 human Vk) and V3 (80 human VH, 40 human Vk) heterozygotes. Interestingly, the ratio of cells expressing the humanized vs. WT mouse allele (0.5 for V1 and 0.9 for V2) is greater than the ratio of the number of variable segments contained in the humanized vs. WT loci (0.2 for V1 and 0.4 for V2), implying that the probability of allele choice is intermediate between a random choice of one or the other chromosome and a random choice of any particular V segment RSS. This finding may mean that there is a fraction of B cells, but not all, in which one allele becomes accessible for recombination, completes the process, and shuts down recombination before the other allele becomes accessible. In addition, the even distribution of cells that have sIgM derived from either the hybrid humanized IgH locus or the WT mouse IgH locus is strong evidence that the hybrid locus is operating at a completely normal level. In contrast, randomly integrated human Ig transgenes compete poorly with WT mouse Ig loci (15, 42, 43) , further supporting the notion that the functional outcome using the VelocImmune approach is much different from that obtained using prior KO-plus-transgenic approaches.
Polymorphisms of the kappa constant regions are not available in 129S6 or C57BL/6N to examine allelic exclusion. However, VelocImmune mice all possess WT mouse lambda light chain loci; therefore, it is possible to observe whether rearrangement and expression of humanized IgK loci can prevent mouse lambda expression. The ratio of the number of cells expressing humanized IgK relative to the number of cells expressing the mouse lambda chain was relatively unchanged in VelocImmune mice compared with WT mice, regardless of the number of human VK segments inserted at the kappa locus (Fig. 2C ). In addition, there is no increase in the small number of double positive (kappa plus lambda) cells, indicating that productive recombination at the hybrid kappa loci results in appropriate suppression of recombination of the mouse lambda loci. In contrast, mice containing randomly integrated IgK transgenes with inactivated mouse kappa loci but WT mouse lambda loci show dramatically increased lambda/kappa ratios (21) , implying that the introduced IgK transgenes do not function well in these previous-generation HumAb mice and once again highlighting the very different functional outcome obtained using the VelocImmune approach compared with prior KO-plus-transgenic approaches.
B-Cell Development. Although the mature B-cell populations in VelocImmune mice resemble those of WT mice, it is possible that defects in early B-cell differentiation are compensated for by the expansion of mature B-cell populations. We therefore examined various stages of B-cell differentiation by flow cytometry. Early B-cell development occurs in the bone marrow, with different stages characterized by changes in types and amounts of cell surface marker expression correlating to molecular changes occurring at the Ig loci. The pro-B to pre-B-cell transition requires the successful rearrangement and expression of functional IgH protein, whereas movement from the pre-B to mature B stage is governed by the correct rearrangement and expression of a kappa or lambda light chain. Inefficiencies in transitioning between stages of B-cell differentiation would be reflected in changes in the relative populations of B cells at a given stage. We examined these populations by flow cytometry using combinations of antibodies to cell surface markers (Table 1) .
No major defects were observed in B-cell differentiation in any of the VelocImmune mice. The introduction of at least 18 human IgH variable segments does not appear to affect either the pro-B to pre-B transition, nor do human IgK variables affect the pre-B to B transition. These data also indicate that reverse chimeric Ig molecules possessing human variables and mouse constants are able to function normally in the context of B-cell signaling and coreceptor molecules leading to appropriate B-cell differentiation. In contrast, the balance between the different populations during B-cell differentiation are perturbed to varying extents in mice containing randomly integrated Ig transgenes and inactivated IgH or IgK loci (41 DH, JH, and VK, JK segment use. Nearly all of the functional human VH and VK and all of the human DH, JH, and JK segments are used (Table S1 ), indicating that rearrangement of the human loci occurs efficiently in mice and that human VH domains can couple with mouse surrogate light chain. Of the functional variable segments described but not detected in the VelocImmune mice, several have been previously noted to possess defective recombination signal sequences and therefore would not be expected to be expressed (45) . Although the human variable segment 7-81 has been identified in the analysis of the human IgH genomic locus sequences (46), it is not present in the VelocImmune mice as confirmed by resequencing of the entire V3 mouse genome. B cells from immunized mice were compared with their germline variable segments, and changes relative to the germ-line sequence were annotated. The resulting nucleotide sequences were translated in silico, and mutations leading to amino acid changes were also annotated. The data were collated from all of the variables, and the percent change at a given position was calculated (Fig. S1 ). The human heavy chain variable regions derived from sIgG + B cells from nonimmunized VelocImmune mice exhibit many more nucleotides relative to sIgM + B cells from the same splenocyte pools, and heavy chain variable regions derived from immunized mice exhibit even more changes. The number of changes is increased in the complementaritydetermining regions (CDRs) relative to the framework regions, indicating antigen selection. The corresponding amino acid sequences from the human heavy chain variables regions also exhibit significantly higher numbers of mutations in IgG vs. IgM and even more in immunized IgG. These mutations again appear to be more frequent in the CDRs compared with the framework sequences, suggesting that the antibodies were antigen selected in vivo. A similar increase in the number of nucleotide and amino acid mutations is seen in the kappa variable sequences derived from IgG + B cells from immunized mice. The CDR3 of the IgH variable is created by recombination of the VH, DH, and JH segments and generates a significant amount of repertoire diversity. During the recombination process, there are both nucleotide deletions via exonuclease activity and non-template-encoded additions via terminal deoxynucleotidyl transferase (TdT). Non-template-encoded nucleotide additions (N-additions) are observed at both the VH-DH and DH-JH joint in antibodies from VelocImmune mice (Table S2) , indicating proper function of TdT with the human segments. The end points of the VH, DH, and JH segments relative to their germ-line counterparts indicate that exonuclease activity has also occurred. Unlike the IgH locus, the human IgK variable rearrangements exhibit little or no TdT additions at CDR3, which is formed by the recombination of the VK and JK segments. This finding is not unexpected because the mouse TdT gene is not expressed during light chain rearrangements at the pre-B-to B-cell transition. The diversity observed at the human kappa variable region CDR3 is introduced predominantly through exonuclease activity during the recombination event.
Lymphoid Structures and Serum Isotypes. The structure and function of the lymphoid tissues are in part dependent on the proper development of hematopoietic cells. A defect in B-cell development or function may be exhibited as an alteration in the structure of the lymphoid tissues. Therefore, we examined the gross structures of the spleen, inguinal lymph nodes, and Peyer's patches by light microscopy for any obvious defects. There is no significant difference in appearance of secondary lymphoid organs between the WT and VelocImmune mice (Fig. S2) . The levels of various Ig isotypes in serum were analyzed using The ratio of the fraction of cells in each B-cell lineage population, defined by FACS using the indicated markers, in VelocImmune compared with WT mice.
Luminex technology. The level of expression of each isotype is similar in WT and VelocImmune mice (Fig. 3) , suggesting that humanization of the variable segments had no effect on class switching or Ig expression and secretion and therefore maintains all of the murine sequences necessary for these functions.
Immunization and Antibody Production. To examine the humoral response to foreign antigen challenge in VelocImmune mice, we immunized a cohort of seven VelocImmune mice and five WT littermates with the extracellular domain of the human IL6 receptor (IL6R). Both sets of mice mounted a strong Ab response toward the IL6R with similar titer ranges (Fig. S3A) and IgG isotypes (Fig. S3B) , suggesting that humoral response and class switching is similar in mice of each type. Antibodies derived from VelocImmune mice exhibit a wide range of affinity in binding to antigen in solution (Fig. S4A) with a similar number of highaffinity IL6-blocking antibodies derived from VelocImmune mice as their WT littermates (Fig. S4B) .
One of these high-affinity IL6R blocking antibodies, after exchange with the human constant domain, is currently undergoing clinical testing in humans, as are more than 10 other VelocImmunederived antibodies including ones that block PCSK9 (for LDL cholesterol reduction), IL4Rα (for atopic dermatitis and allergic asthma), angiopoietin 2 (for oncology and antiangiogenesis indications), Dll4 (for oncology), and myostatin. The robust nature of VelocImmune mice has allowed antibodies to each of these targets to be brought into clinical development very rapidly-in as little as 18 mo-which are time frames that significantly surpass industry standards.
Discussion
As discussed in the companion paper (39), megabase engineering empowered by VelociGene and represented in the VelocImmune mouse significantly increases the size and precision of which the mouse genome can be manipulated. New projects in which megabases of genomic sequences can be precisely introduced into the mouse genome can now be undertaken for the first time. Although mice with randomly integrated human Ig transgenes (hIgTGx mice) have produced several highaffinity fully human monoclonal therapeutics with great promise for treating important diseases (1, 16, 48, 49) , the increase in efficiency in generation of fully human antibodies in VelocImmune mice is likely to dramatically increase the diversity of fully human antibodies that can feasibly be obtained after immunization with any particular antigen. VelocImmune loci with limited variable repertoires exhibit completely normal levels of mature and immature B cells, unlike hIgTGx mice containing limited variable repertoires, which exhibit significantly reduced B-cell populations at various stages of differentiation. Increasing the numbers of V segments in hIgTGx mice reduced the deficits in B-cell development, although even the hIgTGx mice with the most extensive variable repertoires had 40% fewer mature B cells than WT mice (21, 22) . Although direct comparison of actual antibody diversity has not been possible, it is likely that the maintenance of normal B-cell populations that we see in VelocImmune mice containing limited V gene repertoires, compared with the dramatically reduced B-cell numbers reported for hIgTGx mice, indicates that an equally dramatic improvement in ultimate diversity occurs in VelocImmune mice with complete V gene repertoires. The development of B1 and marginal zone B cells using human variable repertoires should be possible in these mice.
We identified three reasons why direct replacement of the mouse Ig variable regions may result in more efficient antibody generation than random integration of human Ig transgenes. (i) The chromosomal context may be important for optimal regulation of Ig transcription and recombination. The VelocImmune IgH locus maintains the two mouse IgH enhancers, the intronic enhancer (50) and the 3′ enhancer (25) , in their native location. In contrast, hIgTGx IgH transloci rely on human versions of these elements (16, 23) or a combination of human and rodent elements (22) that may not contain the entire 3′ enhancer sequence. Any potential regulatory elements at the 5′ end of the IgH locus are also maintained in the VelocImmune IgH locus and would be missing from hIgTGx loci. In addition, the broader chromosomal context may also affect the efficiency of recombination or transcription. During rearrangement, Ig loci undergo contraction/decontraction, chromatin remodeling, and repositioning within the nucleus (27, 51, 52) , which results in heavy and light chain loci becoming spatially linked (26, 52) . It seems likely that the chromosomal context and location of the Ig loci have evolved to maximize the efficiency of these chromosomal gymnastics and that randomly integrated Ig transgenes might not operate as efficiently. (ii) Retention of mouse heavy chain constant domains may provide for the formation of more efficient BCRs. Each of the eight mouse constant chain genes (IgM, IgD, IgG3, IgG1, IgG2a, IgG2b, IgE, and IgA) produces a splice variant that encodes a transmembrane version (sIg) that physically associates with the signaling components, Igα and Igβ, to form a BCR (28) . Numerous costimulatory and coinhibitory receptors on B cells also modulate the activity of the BCR. These coreceptors are thought to mediate their effects primarily through interaction with Igα and Igβ, but direct interaction between coreceptors and sIg has not been ruled out. (iii) Retention of mouse constant domains on secreted antibodies may allow them to interact more faithfully with the half dozen mouse Fc receptors (FcRs). Antibody: FcR interactions are thought to be involved in the processes by which the B cells expressing the best antibodies are selected in the competitive environment of the germinal center (53) (54) (55) .
The immediate utility of VelocImmune mice is evident by the more than 10 different fully human antibody therapeutics that have already been produced and entered into clinical development in a short period. In addition, these mice are perhaps the most valuable ever engineered, already having brought in more than $2 billion in committed licensing fees and collaboration revenues.
Materials and Methods
Animal Husbandry. All mouse studies were overseen and approved by Regeneron's Institutional Animal Care and Use Committee (IACUC).
Flow Cytometry of Bone Marrow, Spleen, and Thymus. Flow cytometric analysis was carried out using standard methods and commercially available reagents (SI Materials and Methods).
Sequence Analysis of Human Variable Region and Junctional Diversity. Variable region use and junctional diversity were assessed by sequencing cDNAs derived from splenocyte or hybridoma RNA (SI Materials and Methods).
Immunizaton and Hybridoma Development. Seven VelocImmune mice were immunized with the extracellular domain of the IL6R. Antigen-specific antibody titers were determined, hybridomas were developed from the spleens of two mice, and the affinities of antibodies produced from positive hybridomas were determined using an ELISA-based solution competition assay (SI Materials and Methods).
